Scorpion (3-toxin interference with Nav channel voltage sensor gives 
rise to excitatory and depressant modes 
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Scorpion (3 toxins, peptides of ^70 residues, specifically target voltage-gated sodium (Na v ) channels to cause use- 
dependent subthreshold channel openings via a voltage-sensor trapping mechanism. This excitatory action is 
often overlaid by a not yet understood depressant mode in which Nay channel activity is inhibited. Here, we ana- 
lyzed these two modes of gating modification by p-toxin Tzl from Tityus zulianus on heterologously expressed 
Nayl.4 and Nayl.5 channels using the whole cell patch-clamp method. Tzl facilitated the opening of Nayl.4 in a 
use-dependent manner and inhibited channel opening with a reversed use dependence. In contrast, the opening 
of Nayl.5 was exclusively inhibited without noticeable use dependence. Using chimeras of Na v 1.4 and Nayl.5 chan- 
nels, we demonstrated that gating modification by Tzl depends on the specific structure of the voltage sensor in 
domain 2. Although residue G658 in Nayl.4 promotes the use-dependent transitions between Tzl modification 
phenotypes, the equivalent residue in Nayl.5, N803, abolishes them. Gating charge neutralizations in the Nayl.4 
domain 2 voltage sensor identified arginine residues at positions 663 and 669 as crucial for the outward and inward 
movement of this sensor, respectively. Our data support a model in which Tzl can stabilize two conformations of 
the domain 2 voltage sensor: a preactivated outward position leading to Na v channels that open at subthreshold 
potentials, and a deactivated inward position preventing channels from opening. The results are best explained by 
a two-state voltage-sensor trapping model in that bound scorpion p toxin slows the activation as well as the deacti- 
vation kinetics of the voltage sensor in domain 2. 



INTRODUCTION 

Voltage-gated sodium (Na v ) channels are membrane pro- 
teins, which initiate and propagate action potentials 
and therefore play a major role in the electrical commu- 
nication of excitable cells (Catterall, 2000). Na v channel 
complexes consist of a large pore-forming a subunit 
(^260 kD) and up to two smaller auxiliary (3 subunits. 
The a subunit has a pseudo-tetrameric structure; it is com- 
posed of four homologous domains, each with six trans- 
membrane segments (S1-S6) connected by extra and 
intracellular loops. Segments S5 and S6 of each domain 
arrange around a central pore, and the hairpin-like pore 
loops connecting S5 and S6 form the channels' selectiv- 
ity filter (Heinemann et al., 1992). Segments S1-S4 of 
each domain serve as voltage sensors, with the positive 
gating charges located in the S4 segments. These voltage 
sensors move outward upon membrane depolarization 
and initiate the voltage-dependent activation and inacti- 
vation of Na v channels (Yang and Horn, 1995; Yang et al., 
1996, 1997; Chaetal., 1999; DeCaen etal., 2008). 

Scorpion venoms contain two classes of long-chain 
peptide toxins (60-76 residues), a toxins and P toxins, 
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which efficiently disturb neuronal excitation by modulat- 
ing the function of Na v channels (Catterall et al., 1992; 
Gordon, 1997). Scorpion a toxins bind to receptor site 
3 on Na v channels to impair rapid channel inactivation, 
whereas scorpion (3 toxins bind to receptor site 4 and 
show rather complex effects. On the one hand, they in- 
duce spontaneous and repetitive firing of action poten- 
tials by permitting Na v channels to activate at subthreshold 
membrane potentials. On the other hand, they reduce 
the peak Na v channel current (de la Vega and Possani, 
2007; Catterall et al., 2007). Thus, it appears that scor- 
pion (3 toxins have a bimodal function because they 
can enhance ("excitatory mode") and inhibit ("depressant 
mode") the activity of Na v channels and hence the excit- 
ability of neurons. Furthermore, (3 toxins are subtype 
specific, as they discriminate between different Na v chan- 
nel isoforms (e.g., Cestele et al., 1998; Borges et al., 2004; 
Leipold et al., 2006; Vandendriessche et al., 2010). Ac- 
cordingly, the physiological consequences of a certain 
P toxin are hard to predict because they may depend not 
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only on the dominant mode of the toxin but also on the 
affected channel subtypes. 

Several (3 toxins are classified as either "excitatory" or 
"depressant" toxins based on their effects on neuronal 
excitation in insects. Typical excitatory (3 toxins like 
AaH ITj and AaH IT 2 (Androctonus australis hector, Loret 
et al., 1990), Lqq \Ti (Leiurus quinquestriatus quinquestri- 
atus; Zlotkin et al., 1985), or Bj-xtrIT (Buthotus judaicus; 
Oren et al., 1998) cause fast contraction paralysis in in- 
sects, whereas depressant (3 toxins like Lqq IT 2 (Leiurus 
quinquestriatus quinquestriatus; Zlotkin et al., 1985; Bosmans 
et al., 2005) or Lqh IT 2 (Leiurus quinquestriatus hebraeus; 
Zlotkin et al., 1993) lead to a progressive flaccid paraly- 
sis by inhibiting neuromuscular transmission. 

Although increased neuronal excitability typically is 
an unwanted effect, (3 toxins recently attracted attention 
because some members isolated from the venom of Buthus 
martensii Karsch (BmK) show antinociceptive effects in 
mammals by depressing neuronal excitation. BmKAngPi, 
for example, has an analgesic effect in mice when injected 
intravenously (Guan et al., 2001). BmK IT 2 (Li et al., 
2000; Wang et al., 2000; Tan et al., 2001b; Zhang et al., 
2003; Bai et al., 2007) and BmK AS (Tan et al., 2001a; 
Chen and Ji, 2002; Chen et al., 2006; Liu et al., 2008) 
are analgesics in rat pain models, as they inhibit Nay 
channels in the periphery and in DRG neurons. The 
molecular mechanism underlying the specific inhibi- 
tion of Nay channels by these peptides, however, is un- 
known so far. 

Previous studies on the molecular mechanism of 
(3 toxins concentrated on their excitatory effect, i.e., 
their ability to open Nay channels at resting voltage by 
left-shifting the voltage dependence of channel activa- 
tion. This effect is use dependent because the activation 
shift is enhanced when channels are preactivated with 
a depolarizing prepulse. Cestele et al. (1998) compared 
the effects of CssIV (from Centruroides suffusus suffusus) 
on brain-type Nayl.2 and heart-type Nayl.5 channels and 
found remarkable differences. CssIV left-shifted the ac- 
tivation of Nayl.2 in a prepulse-dependent manner and 
slighdy decreased the current amplitude of Nayl.2. In 
contrast, CssIV inhibited Nayl.5 independently of a pre- 
pulse. They identified glycine residue G845 in the S3/S4 
linker of the voltage sensor in domain 2 of Nayl.2 as criti- 
cal for the effect of CssIV to left-shift the voltage depen- 
dence of activation. This glycine is conserved among most 
Nay channels, but Nayl.5 harbors an asparagine at the 
homologous position. Mutation of glycine to asparagine 
(G845N) conferred a Na v 1.5-like phenotype to Na v 1.2. 
A voltage-sensor trapping model was proposed in which 
CssIV reduces the activation energy necessary for chan- 
nel opening by arresting the voltage sensor of domain 2 
in an activated position (Cestele et al., 1998, 2001; 
Mantegazza and Cestele, 2005; Catterall et al., 2007) . 

Recentiy, we reported that |3-toxin Tzl, the main long- 
chain toxin produced by the Venezuelan scorpion Tityus 



zulianus, is in many respects similar to CssIV; it left-shifts 
the activation of Nay 1.4 in a use-dependent manner 
but inhibits Nayl.5 channels independent of a prepulse 
(Borges et al., 2004). We further demonstrated the rele- 
vance of the conserved glycine (G658 in Nayl.4) for the 
mechanism of Tzl to left-shift the voltage dependence of 
Nayl.4 activation (Leipold et al., 2006) , suggesting a gen- 
eral importance of this residue for the action of (3 toxins. 
In addition, we identified a second interaction site for 
Tzl located in the pore loop of domain 3 that determines 
the specificity of Nay channels toward Tzl (Leipold et al., 
2006) . The interaction epitopes identified in these stud- 
ies, the S3/S4 linker in the voltage sensor of domain 2 and 
the pore loop in domain 3, are expected to be in close 
proximity and thus may be part of receptor site 4, the 
binding site for (3 toxins on the channel surface. 

Although the voltage-sensor trapping model by Cestele 
et al. (1998) explains the enhanced activation of Nay 
channels by (3 toxins (excitatory effect), it provides no 
satisfying explanation for the tendency of (3 toxins to 
simultaneously inhibit Nay channels (depressant effect) . 
We therefore investigated systematically and quantitatively 
how Tzl modulates Nay channels. Our data support a 
model in which Tzl stabilizes two conformations of the 
voltage sensor in domain 2 of Nay channels: an activated 
outward conformation corresponding to "enhanced chan- 
nel activation," and a resting conformation corresponding 
to "channel inhibition" in which channels are prevented 
from opening. Furthermore, we provide information on 
the movement of the voltage sensor in domain 2 of Nay 
channels in the presence of (3 toxins. 

MATERIALS AND METHODS 

Channel constructs 

The wild-type channels vised in this study were the rat skeletal muscle 
sodium channel Na v 1.4 (SCN4A and M26643.1; Trimmer et al., 
1989) and the human heart sodium channel Nayl.5 (SCN5A and 
Q14524; Gellens et al., 1992). Na v 1.4 mutant 44p(L7)4 (Leipold 
et al., 2006) contains the domain 3 pore loop region of human 
Nayl.7, which combines the following amino acid substitutions: 
R1250V, E1251N, K1252V, E1253D, E1254K, H1257K, V1260Y, and 
N1261S. Construction of Na v l .4 mutant channels G658N (Leipold 
et al., 2006), R663C, and R666C (Leipold et al., 2007) was de- 
scribed previously. Na v 1.4 mutant channels R669C, K672C, K675C, 
44p(1.7)4-G658N, IFC (M1305C), IFG-G658N, as well as Na v 1.5- 
N803G were produced using a PCR-based strategy. All mutations 
were verified by sequencing. Plasmid DNA was isolated from Esch- 
erichia colt using the Midi-Plasmid Purification kit (QIAGEN) . 

Cell culture and transfection 

HEK 293 cells (Centre for Applied Microbiology and Research) 
were maintained in 45% Dulbecco's modified Eagle's medium 
and 45% Ham's F12 medium, supplemented with 10% fetal calf 
serum in a 5% C0 2 incubator at 37°C. HEK 293 cells were trypsin- 
ized, diluted with culture medium, and grown in 35-mm dishes. 
When grown to 30-50% confluence, cells were transfected with 
the Na v channel expression plasmids. Electrophysiological re- 
cordings were performed 2-3 d after transfection. 
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Solutions and toxin 

The patch pipettes contained (in mM): 35 NaCl, 105 CsF, 10 
EGTA, and 10 HEPES, pH 7.4 with CsOH. The bath solution con- 
tained (in mM): 150 NaCl, 2 KC1, 1.5 CaCl 2) 1 MgCl 2 , and 10 
HEPES, pH 7.4 with NaOH. Scorpion |3-toxin Tzl was obtained 
from T. zulianus crude venom, according to a procedure de- 
scribed previously (Borges et al., 2004). The toxin was diluted in 
bath solution containing 1 mg/ ml BSA and stored at — 20°C until 
use. Tzl was locally applied with a glass pipette, as described pre- 
viously (Chen et al., 2000). 

Fast inactivation of channel mutant IFC was removed with 200 uM 
Lucifer yellow (LY; Sigma-Aldrich) in the pipette and illuminat- 
ing it with light from a mercury epifluorescent lamp using a 450- 
490-nm excitation filter (Heinemann and Leipold, 201 1 ) . Control 
experiments showing that LY did not alter the voltage-dependent 
activation behavior of Na v 1.4, Na v 1.4-IFC, and Na v L4-IFC-G658N 
are shown in Fig. S4. 

Electrophysiology 

Whole cell voltage-clamp experiments were performed as described 
previously (Chen et al., 2000). Patch pipettes had resistances of 
0.9-1.5 MCI, and the series resistance was compensated for by 
>70% to minimize voltage errors. Only cells with series resistances 
<3.5 Mf2 were used. An EPC-10 patch-clamp amplifier was oper- 
ated by PatchMaster software (both from HEKA). Leak and ca- 
pacitive currents were corrected with a p/6 method. Currents 
were low-pass filtered at 5 kHz and sampled at a rate of 25 kHz. All 
experiments were performed at constant temperature (19-21°C). 
Data analysis was performed using IgorPro (WaveMetrics) and 
FitMaster software (HEKA) . All data were presented as mean ± 
SEM (n = number of independent experiments). Datasets were 
tested for statistical significance using Student's t test with un- 
equal variances when appropriate. 

Action potential-like stimulations. Action potential-like stimula- 
tions were approximated with a three-step voltage ramp protocol. 
From a holding potential of — 160 mV, a first 1-ms voltage ramp to 

— 70 mV followed by a second 0.5-ms ramp to 20 mV and a third 
2-ms ramp to — 1 60 mV were applied at frequencies of 0. 1 or 2 Hz. 

Current-voltage relationships. From a holding potential of 

— 160 mV, cells were depolarized with a three-step protocol (see 
Fig. 2 A). The first and the last depolarization of 20-ms duration 
ranged from — 1 10 to 60 mV in steps of 10 mV. The central pulse to 

— 10 mV for 50 ms was used as a prepulse to prime the channels. 
The segments of 50 ms at — 1 60 mV before and after the prepulse 
ensured recovery from inactivation. The peak currents during the 
first and third depolarization were plotted as a function of voltage, 
yielding two current-voltage relationships: one without and one 
with prepulse. The repetition interval was 30 s. For a quantitative 
data description, the current-voltage relationships in absence 
and presence of Tzl were analyzed using a global fit procedure 
according to a Hodgkin-Huxley formalism: 
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where / is the peak test pulse current and Vis the test pulse volt- 
age. £ rev is the reversal potential, and G max is the maximal conduc- 
tance of all channels. Open probabilities (P„) were described with a 
triple Boltzmann formalism assuming two fractions of Tzl-modified 
channels: one fraction of channels with enhanced activation (P a ), 



and a second fraction of channels with strongly inhibited activa- 
tion (P) . V m is the voltage of half-maximal gate activation, and h m 
is the corresponding slope factor when channels have no Tzl 
bound. A and A 14 represent the voltages by which Tzl shifts the 
activation of preactivated and inhibited channels, respectively. 
k is the slope factor associated with A V,. Toxin-bound channels with 
enhanced activation are assumed to activate with two independent 
gates, as one is trapped in an activated position. Toxin-bound 
channels with strongly inhibited activation are assumed to acti- 
vate with only one gate, as Tzl is assumed to limit the activation of 
a fraction of channels by trapping this gate in its resting confor- 
mation, ultimately preventing channel opening. P tox is the sum of 
P a and P; and represents the probability of the channels to have 
Tzl bound. Current-voltage relations before and after Tzl appli- 
cation were simultaneously fit with a unique set of iVev. Kn, ha, A 14, 
AVi, and h values. Fits were further constrained in the following 
manner: (a) P a and P ; in the absence of Tzl were set to zero, which 
means describing the activation of channels with a Hodgkin-Huxley 
formalism involving m = 3 activation gates and single-channel char- 
acteristics according to Goldman, Hodgkin, and Katz; (b) for Na v l .4 
and Na v 1.5-N803G, P tox was considered independent of a pre- 
pulse; and (c) in the presence of Tzl, P a was set to zero for Na v L5 
and Na v 1.4-G658N because these channels are exclusively inhib- 
ited by Tzl. 

Steady-state inactivation. From a holding potential of — 160 mV, 
cells were conditioned for 500 ms at voltages ranging from —160 
to —30 mV in steps of 10 mV. Subsequently, peak current was de- 
termined at —20 mV. The repetition interval was 20 s. The peak 
current plotted versus the conditioning voltage was described 
with a Boltzmann function: 

iiy) = i 0 + x J_- h)/h , (2) 

with the half-maximal inactivation voltage V h and the correspond- 
ing slope factor k h indicating the voltage dependence of steady- 
state fast inactivation. 

Concentration-response analysis. P tox , obtained from current- 
voltage relationships (Eq. 1), was plotted as a function of the Tzl 
concentration and described with the Hill equation: 

R = P /fl + ^oT (3) 

tox max / ii ' 

/ I i m \) 

where his the Hill coefficient, [Tzl] is the Tzl concentration, and 
Pnax is the maximally obtained value for P tox . EC 50 is the Tzl con- 
centration, where P tox becomes half-maximal. P a and p (see Eq. 1) 
were described with the same equation assuming identical EC 50 
values for P tox , P a , and p. Errors of EC 50 values were obtained from 
the data fits using IgorPro software. 

Nonstationary noise analysis. From a holding potential of — 160 mV, 
cells were conditioned with a 50-ms prepulse to 20 mV, and subse- 
quently, a train of 20-ms test depolarizations to —70, —40, — 10, and 
20 mV, with 40-ms repolarization steps to —160 mV between the in- 
dividual depolarizations, was applied 50-200 times in the absence 
and presence of 5 pM Tzl. The leak-corrected mean current re- 
sponse and the variance of successive records were calculated for 
each test depolarization using PulseTools software (HEKA). Vari- 
ance was plotted as a function of the mean current and analyzed 
assuming a binomial distribution of channel states (Sigworth, 1977): 

o" 2 = of+fi •/--!, (4) 
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where a 2 is the variance, a b 2 is the background variance, and lis 
the macroscopic mean current response of all individual test de- 
polarizations. N defines the number of channels underlying the 
macroscopic current, and i is an estimate for the single-channel 
current. The maximal open probability P 0 was estimated from the 
variance analysis according to: 



(5) 
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To reduce the number of independent variables and to constrain 
the number of active channels even for data obtained at voltages 
yielding low open probabilities, variance-current curves for all 
available test voltages were fit simultaneously according to Starkus 
et al. (2003). Furthermore, in the presence of Tzl, iVwas set to 
the value obtained under control conditions. Variance-current 
fits at — 70 mV were constrained to N * P a , where P a is the fraction 
of channels with a left-shifted activation obtained from Eq. 1 . 

Voltage-dependent activation. From a holding potential of 
— 160 mV, the current amplitude at —70 mV (4; Fig. 8 A) was mea- 
sured with a 20-ms test pulse in the presence of 25 uM Tzl 100 ms 
after conditioning pulses of various lengths. The conditioning volt- 
ages were —20, —40, and —60 mV, and the repetition interval was 
30 s. Normalized 7 a was plotted as a function of the conditioning 
duration, and the kinetics of the depolarization-induced preacti- 
vation of toxin-modified channels was analyzed with a single- 
exponential function yielding an activation time constant T a . 

Voltage-dependent deactivation. From a holding potential of 

— 160 mV, the current amplitude at —70 mV (/ max ; Fig. 8 B) was 
measured with a 20-ms test pulse after priming the channels with 
a series of two 50-ms depolarizations to — 10 mV in the presence 
of 25 pM Tzl. Subsequently, conditioning pulses of various lengths 
were applied, followed by a second 20-ms test pulse at —70 mV 
(/d) ■ Repolarization to — 160 mV for 50 ms between depolarizations 
and before and after conditioning ensured recovery from fast in- 
activation. The conditioning voltages were —120, —140, —160, and 

— 180 mV, and the repetition interval was 30 s. The ratio Ii/ I mllx , 
the probability of channels not being deactivated after condition- 
ing, was plotted as a function of the conditioning duration and 
described with a single-exponential function yielding a deactiva- 
tion time constant T d . 

Voltage dependence ofTzl effects. Activation and deactivation 
time constants in the presence of Tzl, plotted as a function of 
conditioning voltage, were fit with an transition-state model pro- 
viding an estimate of the effective charge transfer, q, during the 
voltage-dependent activation and deactivation of Tzl-bound 
channels and a symmetry factor, 8, estimating the gating charge 
fraction involved in the deactivation process of the sensor: 
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Tmax is the time constant of the transition between the activated 
and the resting state of the channels at the equilibrium voltage Vo- 
Tis the absolute temperature, and k is the Boltzmann constant. 

Online supplemental material 

Dependence of Tzl effects on stimulation frequency is presented 
in Fig. SI. Conductance-voltage analyses for Na v 1.4, Na v 1.5, Na v 1.4- 
G658N, and Na v 1.5-N803G are shown in Fig. S2. Voltage depen- 
dencies of steady-state inactivation for Nayl.4, Na v 1.5, mutants 
Na v 1.4-G658N, Na v 1.5-N803G, 44(pl.7)4, and 44(pl.7)4-G658N are 
shown in Fig. S3, and for domain 2 charge neutralization mutants 



in Fig. S6. Fig. S4 illustrates the effects of LY on channel gating, 
and Fig. S5 contains current traces of inactivation-deficient 
Na v 1.4-IFC and Na v 1.4-IFC-G658N channels. Nonstationary noise 
analysis of inactivation-deficient Na v 1.4-IFC channels is presented 
in Fig. S7, and further examples of variance-voltage analyses are 
shown in Fig. S8. Time courses of Tzl-induced gating transitions 
of charge neutralization mutants are shown in Fig. S9. Table SI 
holds information on the voltage dependence of activation and 
inactivation of all Na v channels and mutants used. The online 
supplemental material is available at http:/ /www.jgp.org/ cgi/ 
content/full/jgp.201 1 10720/DC1 . 



RESULTS 

Excitatory and depressant action of Tz1 
Using the whole cell patch-clamp technique on HEK 
293 cells transiently expressing the channel subtypes 
Nayl.4 (skeletal muscle) or Nayl.5 (cardiac muscle), we 
investigated the functional impact of scorpion (3-toxin 
Tzl, the main component in the venom of T. zulianus. To 
test for the excitatory and depressant potency of Tzl, we 
applied trains of 20 action potential-like voltage pulses 
at frequencies of 0.1 and 2 Hz, as indicated in Fig. 1 A, 
in the absence and presence of 5 pM Tzl. At a stimula- 
tion frequency of 0.1 Hz, Tzl reduced the Na + current 
through Nayl-4 channels, whereas it was increased when 
stimulation was performed at 2 Hz (Fig. 1 B, left). In 
contrast, Tzl reduced the current amplitudes of Nayl.5 
at both stimulation frequencies (Fig. 1 B, right) . Analysis 
of current integrals (Fig. 1 B, gray areas) provided an 
operational measure of channel activity and gave an in- 
dication of the amount of Na + influx during a single 
action potential. At 0.1-Hz stimulation, the application 
of Tzl reduced the current integral of Nayl.4 in the last 
of 20 stimulations to 81.5 ± 1.2%, whereas the integrals 
increased to 155.6 ± 6.6% (n = 5) for 2-Hz stimulation 
(Fig. 1 C, top). This use-dependent alteration of cur- 
rent integrals was fully reversible and also occurred for 
prolonged stimulation periods (Fig. SI) . This illustrates 
the bimodal functionality of Tzl for Nayl.4 channels as 
a "depressant toxin" at low stimulation frequencies and 
an "excitatory toxin" at higher frequencies. Tzl reduced 
the activity of Na v 1.5 channels to 80.8 ± 1.6% (n = 7) 
independently of the stimulation frequency (Fig. 1, B, 
right, and C, bottom) . 

Glycine 658 in Na v 1 .4 determines the mode of Tz1 action 

In a recent study (Leipold et al., 2006), we showed that 
mutation of Nayl.4 channels at that site (G658N) elimi- 
nated the ability of Tzl to induce a negative shift in the 
voltage dependence of activation, much like what was 
shown for Nayl .2 channels and CssIV (Cestele et al., 1998) . 
To gain insight into the molecular mechanisms under- 
lying the two modes of Tzl action, we measured and 
quantitatively described the effects of Tzl on the volt- 
age dependence of activation of Nayl.4, Nayl.4-G658N, 
Nayl.5, and the reverse mutant channel Nayl.5-N803G. 
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Current-voltage relationships were measured in a three- 
pulse protocol (Fig. 2 A) to infer about channel activation 
from resting conditions (IV1) and after preactivation by 
a 50-ms pulse to —10 mV (IV2). The priming prepulse 
facilitates toxin-induced trapping of the voltage sensor 
in domain 2 in an activated position. Although Nayl.4 
channels started to activate at about —50 mV under con- 
trol conditions (Fig. 2 B, open circles) , channel opening 
started to occur at —90 mV in a prepulse-dependent 
manner in the presence of 5 pM Tzl: after prepulse ap- 
plication, the current amplitudes in IV2 were much 
larger than in IV1 (Fig. 2 B, closed symbols) . However, in 
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Figure 1. Scorpion |3-toxin Tzl enhances or inhibits the activity 
of Na v channels in a subtype-specific and use-dependent manner. 
(A) Action potential-like voltage protocol used to elicit current 
responses from HEK 293 cells transiently expressing Navl.4 or 
Nayl.5 channels. Successive trains of 20 individual pulses were ap- 
plied at frequencies of 0.1 and 2 Hz. (B) Representative current 
traces of Navl.4 (left) and Na v 1.5 (right) channels, each obtained 
from the last stimulation of a train of 20 pulses before (ctrl) and 
after the application of 5 uM Tzl (Tzl) for the indicated stimu- 
lation frequencies. Gray shaded areas visualize current integrals, 
and dashed lines indicate current responses under control condi- 
tions. (C) Mean integrals for Na v 1.4 (n = 5) and Na v 1.5 (n= 7) 
in the absence (ctrl) and presence of Tzl, normalized to the inte- 
grals under control conditions as a function of the pulse number. 
Horizontal bars indicate stimulation frequencies and the pres- 
ence of 5 pM Tzl. 



addition to the use-dependent facilitation of Nayl.4 
activation, inhibition of the peak current amplitudes 
occurred at stronger depolarizations with a negative 
use dependence; i.e., current inhibition was stronger 
without a prepulse. 
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Figure 2. The domain 2 S3/S4 linker determines how Tzl modifies 
Na v channel gating. (A) Pulse protocol used to elicit currents at 
potentials ranging from — 1 10 to 60 mV in steps of 10 mV. fVl denotes 
a first series of test potentials, and IV2 is a second test potential 
series applied after a 50-ms conditioning prepulse to —10 mV. 
(B-E; left) Representative current-voltage plots before (open 
circles) and after the application of 5 pM Tzl (closed symbols) 
without (gray) or with (black) a preceding prepulse. Control data 
are shown without a prepulse, as they are indistinguishable from 
those with a prepulse. Continuous curves are data fits according 
to Eq. 1. (Right) Current traces from the same experiments as 
shown on the left obtained at the indicated potentials in the ab- 
sence (thin black) and presence of Tzl without (gray) and with 
(thick black) a prepulse. Experiments were performed for Na v 1.4 
(B), Na v 1.4-G658N (C), Nayl.5 (D), and Na Y 1.5-N803G (E). 
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Current-voltage relationships were analyzed quantita- 
tively according to a Hodgkin-Huxley model of channel 
activation (Eq. 1). This formalism splits the channel 
population into three components: one of "control" 
channels without bound Tzl (1 — P tox ) , one fraction of 
channels showing Tzl-facilitated activation (P a ), and 
another one in which channel activation is inhibited by 
Tzl (Pi). Fitting this model to the activation behavior of 
Nayl.4 in the presence of 5 pM Tzl (Fig. 2 B) revealed a 
P tox value of 0.66 ± 0.09 (n = 5), indicating that Tzl 
affected more than half of the channel population under 
this condition. P tox values were found to be independent 
of a prepulse; i.e., the toxin apparendy does not separate 
from the channel during the applied pulse paradigm. 

The channel fraction with Tzl-facilitated activation, P a , 
increased from 0.05 ± 0.02 before to 0.44 ± 0.05 after the 
prepulse and displayed a prepulse-independent shift of 
the half-maximal activation voltage, A 14, of —35.2 ± 
1 .5 mV. Likewise, the channel fraction inhibited by Tzl , p, 
decreased from 0.61 ± 0.07 to 0.23 ± 0.05 and displayed 
a prepulse-independent shift of the half-maximal activa- 
tion voltage, A 14, of 56.0 ± 9.3 mV. Thus, channel priming 
redistributes Na v 1.4 channels between the phenotypes 
"activated by Tzl" and "inhibited by Tzl" by influencing 
the voltage dependence of the channel's activation pro- 
cess. The concentration dependencies of both toxin phe- 
notypes were analyzed assuming a prepulse-independent 
1:1 binding of Tzl. For Nayl.4 (Fig. 3 A), the maximal 
values of P a and p in the absence of a prepulse were 
0.09 ± 0.01 and 0.83 + 0.01, respectively, highlighting 
"inhibited by Tzl" as the dominant phenotype. In pres- 
ence of a prepulse, the values changed to 0.51 ± 0.06 for P a 
and to 0.41 ± 0.04 for P, indicating that "activated by Tzl" 
dominated under this condition. The half-maximal con- 
centrations of P tox , P a , and Pi were identical (2.7 ± 0.5 pM) , 
suggesting that both Tzl phenotypes are two different 
modes of Tzl bound to a single Tzl receptor site. 

Although Nayl.5 channels showed no negative shift 
in the voltage dependence of activation upon applica- 
tion of Tzl (Fig. 2 D), the toxin diminished peak cur- 
rents without strong use dependence. P tox was estimated 
to 0.75 ± 0.02 (no prepulse [-pp]) and 0.67 ± 0.03 
(prepulse [+pp]; n= 5), indicating that Nayl.5 is even 
more sensitive to Tzl than Nayl.4. The corresponding 
AVi value was estimated to 104 ± 8 mV. Inhibition of 
Nayl.5 activation was characterized by a prepulse-inde- 
pendent maximal p value of 0.94 ± 0.08 and a half-max- 
imal concentration of 2.3 ± 0.7 pM without and 3.3 ± 0.9 
pM with a prepulse (Fig. 3 B). 

Exchange of asparagine for the critical glycine in the 
background of Nayl.4 (G658N) resulted in a phenotype 
similar to that of Nayl.5 (Fig. 2 C) , although this mutation 
did not affect the gating parameters under control con- 
ditions (Table SI). P tox was 0.85 + 0.02 (-pp) and 0.86 ± 
0.02 (+pp) (n = 5), indicating that mutation G658N 
stabilized toxin interaction compared with wild-type 



Nayl .4 channels. The corresponding A 14 value was esti- 
mated to 151 ±11 mV. 

The reverse mutation in the background of Nayl.5 
(N803G) conferred a Nayl.4-like toxin phenotype to 
Nayl.5 (Fig. 2 E). Na v 1.5-N803G started activating at 
about —90 mV in a prepulse-dependent manner because 
current amplitudes with a prepulse were larger than those 
without (see current traces at —70 mV in Fig. 2 E). 
P tox (5 pM Tzl) of this mutant channel was 0.76 + 0.04 
(n = 5). Without a prepulse, P a was 0.26 ± 0.04, and the 
corresponding A 14 was -29.0 ± 1.4 mV. P was 0.50 ± 0.05, 
and the corresponding A 14 was 25.9 ±5.1 mV. This mod- 
erate right-shift of the activation only marginally reduced 
channel open probabilities in the observed voltage range 
and therefore caused a considerably smaller current in- 
hibition. After a prepulse, no channels were inhibited 
(P = 0) and P tox = P a . Conductance-voltage plots obtained 
from the same experiments describe the Tzl-dependent 
channel activation in a model-independent manner and 
are presented in Fig. S2. 

The influence of Tzl on the voltage dependence of 
steady-state inactivation was analyzed by determining 
the half-maximal inactivation voltage, 14,, and the cor- 
responding slope factor, k h , according to Eq. 2 (Fig. S3) . 
Under control conditions, 14 and k h for Nayl.4 were 
-73.0 ± 1.8 mV and -5.3 ± 0.2 mV (n = 7) , respectively. 
The application of 5 pM Tzl reduced the maximal cur- 
rent amplitudes to 43.5 ± 2.2% and shifted the 14 by 
-21.0 ± 4.0 mV without changing k h . For Na v 1.5, 5 pM 
Tzl shifted 14 from -96.2 ± 2.6 mV by -4.7 + 3.2 mV, 
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Figure 3. Concentration dependence of Tzl effects on Na v 1.4 
and Na v 1.5 channels. (A) The estimated probabilities of Nayl.4 
channels to be inhibited (Pi) or preactivated (P a ) by Tzl in the 
absence (gray symbols; — pp) or presence (black symbols; +pp) 
of a prepulse as a function of the Tzl concentration. P tox (open 
circles) is the sum of p and P a and independent of a prepulse; i.e., 
P tox is a measure of the fraction of Na v channels with Tzl bound. 
Continuous curves are global data fits according to a Hill equa- 
tion (Eq. 3). (B) Estimated probabilities for Na v 1.5 channels to 
be inhibited (P) by Tzl versus Tzl concentration. For data fits in 
A and B, a Hill coefficient of unity was assumed. 
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while not changing ft h ( — 5.5 + 0.6 mV; n = 4); the maxi- 
mal current amplitude was reduced to 32.3 ± 6.9%. 
Mutations Na v 1.4-G658N and Na v 1.5-N803G did not 
change 14 and kh (P» 0.1), but current reduction by 
Tzl was enhanced for Nayl.4-G658N (reduction to 15 ± 
3.0%) and diminished for Na v 1.5-N803G (reduction to 
94 ± 9%), which is consistent with the notion that Tzl 
preferentially suppresses Nayl .5-type channels. 

Our previous results (Leipold et al., 2006) revealed 
that the subtype specificity of Tzl for Nay channels is de- 
termined by the ss2 pore loop of domain 3. We thus 
asked if the impact of that domain also affects the inhibi- 
tory mode of Tzl described thus far. We therefore intro- 
duced the domain 3 ss2 pore loop of Nayl. 7 into Nayl. 4 
(44p(1.7)4) and Na v 1.4-G658N (44p(1.7)4-G658N) and 
assayed these mutants with respect to Tzl. Independent 
of a prepulse, in no case did we observe any effect of 
Tzl, neither left-shift in activation nor current inhibition 
(Fig. 4 and Fig. S3), strongly suggesting that domain 3 is 
necessary to stabilize the toxin at the channel protein, 
whereas the voltage sensor of domain 2 determines the 
mode of (3-toxin effects. 

Analysis of mode transitions 

The results obtained so far demonstrate that a glycine at 
position 658 in the domain 2 voltage sensor of Nayl. 4 
permits a dual function of Tzl to activate and to inhibit 
the channels, whereas an asparagine at the equivalent 
position, such as N803 in Nayl. 5, restricts the effect of 
Tzl to channel inhibition. To infer about the molecular 
interpretation of channel "activation" and "inhibition" 
by Tzl, we measured the unitary current size (i) and the 
maximal channel open probabilities (P 0 ) by means of 
nonstationary noise analysis. Mean currents and ensem- 
ble variances of 50-200 individual current responses at 
various potentials were analyzed for Nayl. 4 before and 
after toxin application (Fig. 5, A and B) . Data were best 
described assuming a constant number of active chan- 
nels, N, in the absence and presence of Tzl. Tzl did not 
affect the single-channel current amplitude (Fig. 5 C, top 
left) over the whole voltage range. The voltage depen- 
dence of P Q (Fig. 5 C, bottom left) was left-shifted by Tzl, 
consistent with an enhanced activation being the domi- 
nant phenotype under this condition. A similar result was 
obtained for inactivation-deficient channels (Fig. S7). 
Equivalent experiments were performed for Nayl. 4- 
G658N, Na v l. 5, and Na v 1.5-N830G, and in no case did 
Tzl affect the single-channel current size (Figs. 5 C and 
S8). For Na v l. 5 and Na v l .4-G658N, the most prominent 
effect of Tzl was a strong reduction of P a , whereas the 
results obtained for Nayl.5-N803G resembled those for 
Na v l. 4. Thus, for channels carrying an asparagine at the 
critical position, Tzl stabilizes the resting state, and 
"channel inhibition" is the sole phenotype. 

These results suggest that under certain circumstances, 
Tzl may slow down the activation process of Nay channels 



by interfering with their voltage sensors in domain 2. 
True kinetics of Nay channel activation, however, is not 
readily accessible because of the overlapping rapid pro- 
cess of inactivation. We therefore analyzed the effects 
of Tzl on Na v l. 4 and Na v 1.4-G658N channels after 
removal of inactivation. Because Nay channel mutants 
with impaired inactivation are difficult to express in 
mammalian cells, we mutated the inactivation motif of 
Na v l .4 and Na v 1.4-G658N from IFM to IFC (mutation 
M1305C), still leaving inactivation intact. As illustrated 
in Fig. 6 (A and B) , inactivation is rapidly and efficiently 
removed from channels with an IFC inactivation motif 
when the fluorescent dye LY (200 uM), loaded into 
the cell via the patch pipette, is excited with blue light 
(Heinemann and Leipold, 2011). 

Current-voltage relationships for such inactivation- 
deficient channels were compiled by measuring the cur- 
rent amplitude 15-ms within the depolarization interval 
(Fig. 6 C) and analyzed according to Eq. 1. Corresponding 
current traces are shown in Fig. S5. Without a prepulse, 
P tox for Nayl-4-IFC was 0.79 ± 0.04 (25 uM Tzl; n = 5), 
P a was 0.10 ± 0.01, and P was 0.69 ± 0.03. The prepulse 
changed P a to 0.29 ± 0.01 and P to 0.50 ± 0.05. This 
result demonstrates that loss of fast inactivation has no 
impact on the qualitative effect of Tzl on Nayl. 4 chan- 
nels. Current traces from independent experiments in 
response to 100-ms depolarizations (Fig. 6 E) provide 
information on the gating kinetics. Without a prepulse, 
Nayl-4-IFC currents were slightly increased by Tzl at 
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Figure 4. Impact of the domain 3 pore loop on Tzl-induced 
channel modulation. (A; left) Representative current-voltage 
plots of 44p(1.7)4 before (open circles) and after the application 
of 5 uM Tzl (closed symbols) without (gray) or with (black) a 
preceding prepulse. Control data are shown without a prepulse, 
as they are indistinguishable from those with a prepulse. Continu- 
ous curves are data fits according to Eq. 1. (Right) Current traces 
from the same experiments as shown on the left obtained at the 
indicated potentials in the absence (thin black) and presence of 
Tzl without (gray) and with (thick black) a prepulse. (B) Similar 
experiments as in A for mutant 44p(1.7)4—G658N. 
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the beginning of the depolarization phase but contin- 
ued to rise during the depolarization phase, indicating 
that some fraction of channels undergoes delayed acti- 
vation under this condition. This situation was reversed 
when channels were primed with a prepulse. Now Tzl 
led to greater increases of current at the beginning of 
the depolarization phase followed by a decline. Notably, 
current traces without and with a prepulse seem to ap- 
proach a common steady state, as one would predict 
from a model in which Tzl slows the activation as well as 
the deactivation kinetics of Nayl .4. 

Similar experiments for Nayl. 4— IFC-G658N (Figs. 6, D 
and F, and S5) showed that the noninactivating current 
of Nayl. 4— IFC-G658N in the presence of Tzl was readily 
described by P of 0.75 + 0.02 without and 0.83 ± 0.1 with 
a prepulse (n = 5). Current traces of 100-ms duration 
(Fig. 6 F) revealed a substantial slowing of activation in 
the presence of Tzl, albeit without any prepulse de- 
pendence. The phenotype "inhibited by Tzl" can be ex- 
plained by delayed activation; in the presence of normal 
rapid inactivation, the maximal channel open probabil- 
ity and, hence, the peak current, is effectively reduced. 

Coupling to the gating charge of domain 2 voltage sensor 
To reveal the impact of the domain 2 voltage sensor on 
the modes of (3-toxin action, we individually mutated 



the positively charged amino acids in the S4 segment of 
Nayl .4 domain 2 to cysteines. All mutations resulted in 
functional channels with gating parameters comparable 
to those of wild-type Nayl. 4, assuring that altered gating 
properties did not influence subsequent experiments 
(Figs. 7 A, open symbols, and S6, and Table SI). Exposed 
to 5 uM Tzl, all gating charge mutants displayed the 
phenotypes "activated by Tzl" and "inhibited by Tzl." 
There was no significant effect on the P tox values for 
R669C, K672C, and K675C, and just a slight increase in 
P tox for R663C and R666C to 0.86 + 0.01 (n = 5) and 0.85 ± 
0.01 (n = 5), respectively (Fig. 7 B). This can be inter- 
preted in a way that mutations R669C, K672C, and K675C 
did not much affect the affinity of Tzl to the channel, 
whereas mutations R663C and R666C increased it. The 
corresponding P tox , P a , and p values furthermore show 
that charge neutralizations either affected the steady- 
state distribution of P a and p or their use dependence 
(Fig. 7 B, bottom). Mutation R666C had the greatest 
impact because it showed almost no use dependence. 
In addition, it displayed less Tzl-induced left-shift in 
the voltage dependence of activation (A 14) compared 
with the wild type and the other mutants (Fig. 7 B, 
middle) . Also indicated in Fig. 7 B (top) are the esti- 
mates for the right-shift of those channels inhibited by 
Tzl (AM). 
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Figure 5. Nonstationary noise analysis of Tzl 
effects. (A) Mean current responses of Nayl. 4 
channels (bottom, I) and their ensemble vari- 
ances (top, cr 2 ) from at least 100 individual cur- 
rent traces elicited at the indicated voltages in 
the absence (black) and presence (gray) of 5 uM 
Tzl. (B) Variance as a function of mean current 
for several voltages in the absence (left) and pres- 
ence (right) of Tzl. Continuous lines are results 
of global data fits according to Eq. 4. Data fits 
were constrained as described in Materials and 
methods. N is the estimate for the number of 
active channels in this particular experiment. 
(C) Estimated single-channel current (z) and max- 
imal open probability (P a ) as a function of volt- 
age in the absence (open circles) and presence 
(closed circles) of Tzl for the indicated channel 
types. P 0 values at —70 mV were set to zero for 
all channel variants in the absence of Tzl; for 
Na v 1.4-G658N and Na v 1.5, this was also done in 
the presence of Tzl because channels are closed 
under these conditions. Data points, connected 
by straight lines, are presented as mean ± SEM. 
The numbers of individual experiments were 
n = 5, 5, 4, and 5. 
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To obtain information on the kinetics of toxin-mode 
transitions, we applied tailored pulse protocols in the 
presence of 25 uM Tzl. Tzl-dependent activation was 
induced by a variable conditioning depolarization and 
subsequently monitored at a test potential of — 70 mV, 
because only toxin-bound channels are active at this 



potential (Fig. 8 A). For measuring Tzl-dependent 
deactivation kinetics, channels were first primed with 
two depolarizing prepulses, followed by a test pulse to 
—70 mV (7 max ) to monitor the Tzl -pre activated chan- 
nels (Fig. 8 B) . Subsequently, a variable hyperpolariz- 
ing conditioning pulse was applied to induce relaxation 
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Figure 6. Tzl effects on inactivation-deficient Na v channels. 

(A) Current traces of Navl.4-IFC channels at —20 mV in the 
presence of 200 pM of intracellular LY before (ctrl) and 200 s 
after illumination with blue light. The arrow indicates 15 ms, 
the time at which the removal of fast inactivation was analyzed. 

(B) Time course of the loss of fast inactivation of Navl.4-IFC mu- 
tant channels. The ratio of current after 15 ms and the peak cur- 
rent was monitored at an interval of 5 s and plotted as a function 
of time. The continuous line is a single-exponential description 
of the data. Closed circles mark the data points obtained from the 
current traces shown in A. During irradiation, Nayl-4-IFC pro- 
gressively lost fast inactivation, characterized by a time constant 
of 79.6 ± 6.4 s; inactivation loss saturated at 89.1 ± 2.2% (n = 6). 
Na v 1.4-IFC-G658N lost inactivation with a time constant of 92.2 ± 
12.9 s and saturated at 93.5 ± 2.5% (ra=6). (CandD) Representative 
current-voltage plots of inactivation-deficient Na v l .4—IFC and the 
inactivation-deficient double mutant Na v 1.4-IFC-G658N in the 
absence (open circles) and presence (closed symbols) of 25 uM 
Tzl without (gray) or with (black) aprepulse. Continuous curves 
are data fits according to Eq. 1. (E and F) Current traces from 
independent experiments obtained for 100-ms depolarizations to 
the indicated voltages in the absence (black) and presence (gray) 
of 25 uM Tzl without (— pp) or with (+pp) a prepulse. 
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Figure 7. Charge neutralizations in the domain 2 voltage sen- 
sor of Nayl.4 differentially influence gating modification by Tzl. 
(A) Representative current-voltage plots of the indicated Na v 1.4 
mutant channels in the absence (open circles) and presence 
(closed circles) of 5 uM Tzl without (gray) or with (black) a pre- 
pulse. Continuous curves are data fits according to Eq. 1. (B; top) 
Estimates for the half-maximal activation voltages under control 
conditions (V m ) and for channels activated (V m + A 14) and inhib- 
ited (V m + AV[) by Tzl according to data fits with Eq. 1. (Bottom) 
Probabilities of channels to be preactivated (gray bars; P a ) or in- 
hibited (white bars; Pi) by Tzl in absence ( — ) or presence (+) of 
a prepulse. P a and Pi values were estimated from current-voltage 
plots as shown in A. P tox , the probability of channels to be modi- 
fied by Tzl, is displayed as the sum of P a and Pi values, i.e., is de- 
noted by the total height of the histogram bars. The number of 
independent experiments for control conditions and with Tzl, 
respectively, is indicated in parentheses. 
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and, finally, the channel fraction not deactivated after 
conditioning was determined with a second test pulse 
to — 70 mV (id)- Activation and deactivation kinetics 
were measured at various conditioning voltages and 
analyzed as a function of conditioning duration (Fig. 8, 
C and D). The resulting time constants, plotted as a 
function of the corresponding conditioning voltages, 
were described with a voltage-dependent transition-state 
model (Eq. 6) assuming the states "activated by Tzl" and 
"inhibited by Tzl" (Fig. 8 E) . The charge transfer asso- 
ciated with this process was estimated to an equivalent 
of 2.4 + 0.1 elementary charges, where 80% contribute 
to the activation process and 20% are associated with 
the deactivation process. From Fig. 8 E, the time con- 
stant for sensor movement at —30 mV is estimated to 
^20 ms, a kinetics that matches to the current relax- 
ation of Tzl-occupied Nayl-4— IFC channels shown in 
Fig. 6 E (^40 ms). Assuming that Tzl binding is inde- 
pendent of voltage and the conformational channel 
state (see Figs. 6 and 7 B) , the information obtained with 
this approach most likely characterizes the Tzl-controlled 
gating transitions of the domain 2 voltage sensor. 

Subjected to the same analysis of Tzl-controlled 
gating transitions (Fig. S9), all gating charge mutants 
showed quantitative differences in Tzl-dependent acti- 
vation and deactivation gating compared with wild-type 
Nayl.4 channels (Fig. 9 A). The parameters character- 
izing channel activation and deactivation are summarized 



in Fig. 9 B. The net gating charge transfer during Tzl- 
controlled channel activation and deactivation was not 
much affected by individual charge neutralizations but, 
interestingly, the mutations differentially affected the 
gating charge associated with channel activation and de- 
activation. For example, neutralization of R663 at the 
outermost end of the domain 2 S4 segment reduced 
the gating charge associated with channel activation, 
<7 a , from 2.0 ±0.1 to 1.5 ± 0.1 eo and increased the frac- 
tion involved in Tzl-dependent deactivation, q d , from 
0.4 ± 0.1 to 0.5 ± 0.1 e 0 (Fig. 9 B), with the consequence 
of slowed activation and faster deactivation kinetics 
for R663C (Fig. 9 A) . Qualitatively, the opposite was ob- 
served for mutation R669C in the center of the S4 seg- 
ment. The gating charge associated with activation was 
decreased (</ a = 1.7 ± 0.1 eo), whereas that for deactivation 
vanished (^ d = 0) , with the result of accelerated activation 
gating (Fig. 9, A and B) . Mutation K672C was without 
much effect on the gating charge. K675C, at the end of 
S4, showed a reduction of the activation- and deactivation- 
associated gating charge = 1.9 ± 0.1 eo and q<i = 0.2 + 
0.1 eo) and a slowdown of both Tzl-dependent activa- 
tion and deactivation. Mutation R666C did not show 
any use dependence, thus precluding the determina- 
tion of kinetic parameters. Apparendy, individual gating 
charges of the domain 2 S4 segment differentially in- 
fluence how a scorpion (3 toxin affects activation and 
deactivation of that particular voltage sensor. 



Figure 8. Voltage dependence 
of Tzl-induced gating modifica- 
tion. (A; top) Protocol used to 
measure the voltage-dependent 
preactivation of Nayl.4 channels 
in the presence of Tzl. (Bottom) 
Current traces at —70 mV in re- 
sponse to conditioning pulses 
(here to —40 mV) are shown 
in gray and are offset in time by 
the conditioning durations. The 
current trace corresponding to 
a conditioning time of 64 ms is 
highlighted (black) . The contin- 
uous line is a single-exponential 
fit to the peak current responses 
after conditioning, 7 a . (B; top) 
Protocol used to measure the 
voltage-dependent channel deac- 
tivation in the presence of Tzl. 
(Bottom) Current traces at— 70 mV 
in response to conditioning pulses 
(here to —160 mV) are shown 

in gray and are offset in time by the conditioning durations. The current trace corresponding to a conditioning time of 32.768 s 
is highlighted. The continuous line is a single-exponential fit to the peak current responses after conditioning (I d ) and describes 
the deactivation of Na v 1.4 channels in the presence of toxin. (C) Normalized 4 as a function of the conditioning time, shown for the 
indicated conditioning voltages with superimposed single-exponential data fits. (D) Normalized I A as a function of conditioning time, 
shown for the indicated conditioning voltages with superimposed single-exponential data fits. (E) Time constants of Tzl-induced gating 
modification in the activation (open symbols) and deactivation (closed symbols) direction as a function of voltage. The continuous line 
is a data fit according to a transition-state model (Eq. 6) assuming the transfer of q = 2.4 ±0.1 e 0 with a symmetry factor of 8 = 0.21 ± 0.05 
(n = 3-5). Tzl concentration was 25 pM in all panels. 
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DISCUSSION 

Although recent investigations on the molecular mech- 
anism of scorpion (3 toxins primarily focused on their 
ability to activate Nay channels, marked channel inhibi- 
tion often was neglected. In this study, we assayed both 
modes of scorpion (3-toxin Tzl on Nayl.4 and Nayl.5 
channels in a systematic and quantitative approach, with 
the aim to elucidate the molecular mechanism underlying 
the bimodal activity of this toxin. 

Tz1 discriminates Na v 1.4 and Na v 1.5 

Tzl enhanced activation of skeletal muscle Nayl.4 chan- 
nels at resting membrane potentials, while reducing chan- 
nel conductance at stronger depolarization. The relative 
contribution of the two effects displayed a marked use de- 
pendence without a noticeable change in toxin-chan- 
nel association. This result is consistent with a state- and 
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Figure 9. Effect of voltage-sensor mutants on Tzl-induced gat- 
ing modification. (A) Activation (open symbols) and deactivation 
(closed symbols) time constants of the indicated Nayl.4 mutant 
channels in the presence of 25 pM Tzl were calculated from ex- 
periments as shown in Fig. 8 and plotted as a function of voltage 
(n = 3-8). The continuous lines are data fits according to Eq. 6. 
The gray line represents data of wild-type Na v 1.4. (B) The gating 
charge involved in voltage-dependent activation (q 3 ; white bars) 
and deactivation (q d ; gray bars) in the presence of Tzl is shown as 
histogram bars. T max is the maximal time constant of the transition 
between the activated and the resting state of the channels, and 
Vo is the corresponding equilibrium voltage. Data were calculated 
from experiments as shown in A. The fractions of channels pre- 
activated in the presence of Tzl (P a /Ptox) without (gray symbols; 
— pp) or with (black symbols; +pp) a prepulse were calculated 
from current-voltage plots to predict functional consequences of 
Tzl interaction with wild-type and mutant Nayl.4 channels. 



voltage-independent toxin-channel interaction, as pro- 
posed for (3 toxins Cn2 (Jover et al., 1980) and AalT 
(Gordon et al., 1984), based on physical binding stud- 
ies. For the cardiac Nayl.5 channels, Tzl only reduced 
Na + conductance without use dependence, and no acti- 
vation at low voltages was observed (Figs. 1 and 2). 
Channel inhibition as the sole phenotype on Nayl.5 
channels was also reported for (3 toxins Tsl (Marcotte 
etal., 1997), CssIV (Cestele etal, 1998), Lqh(31 (Gordon 
et al., 2003), and CssII (Smith et al., 2005), whereas en- 
hanced activation of Nayl.5 by a (3 toxin has not been 
described. This suggests that not only Tz 1 but also (3 toxins 
in general are potential inhibitors of cardiac Nayl.5 chan- 
nels. Total P tox values resulting from our quantitative 
data description even revealed that Nayl .5 channels are 
more sensitive to Tzl than Nayl.4. This result extends a 
recent study in which we demonstrated an increased 
Tzl susceptibility of a Nayl.4 chimera with the Tzl spec- 
ificity-determining epitope of Nayl.5 in the distal pore 
loop of domain 3 (Leipold et al., 2006), and corroborates 
that this epitope is the major determinant for the chan- 
nel's (3-toxin specificity. As demonstrated in Fig. 4 using 
domain 3 pore loop chimeras, this argument also holds 
for the inhibitory effect of Tzl. 

The molecular determinant for how a scorpion (3 toxin 
affects Nay channels appears to reside in the S3/S4 
linker in domain 2 (Cestele et al., 1998, 2006; Zhang 
et al., 2011). As shown previously by Cestele etal. (1998) 
for the effect of CssIV on Nayl. 2 and by us for the Tzl 
effect on Nayl.4 (Leipold et al., 2006), a single glycine 
residue at position G658 (numbering for rat Na v 1.4) is 
required for the mode described as channel activation. 
Activation of cardiac Nayl.5 channels, harboring an 
asparagine at the homologous position, is not left-shifted 
by (3 toxins. This G-to-N exchange only has a minor impact 
on the toxin-channel interaction per se, but the major 
effect is an abolition of use-dependent transitions between 
the modes "activated by Tzl" and "inhibited by Tzl." The 
lack of a side chain in glycine favors use-dependent transi- 
tions among the modes, whereas in the presence of the 
larger asparagine, "inhibited by Tzl" is the only mode. 
Considering the different size of Gly and Asn, a strong 
steric component in the molecular mechanism of Tzl 
action appears likely. 

Voltage-sensor trapping mechanism 

The voltage-sensor trapping model developed by Cestele 
et al. (1998) anticipates that both left-shift in activation 
and reduction of peak current are related to only one 
toxin interaction site. An alternative model assuming two 
distinct toxin-binding sites for (3 toxins, one mediating 
enhanced activation and another one related to peak cur- 
rent reduction, was also discussed (de la Vega and Possani, 
2007). This alternative view is supported by Marcotte 
et al. (1997); using chimeric Nayl. 4/ 1.5 channels, they 
concluded that interaction of the (3-toxin Tsl with domain 
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2 is required for enhanced channel activation but not suf- 
ficient to reduce the peak current. Zhu et al. (2009) sug- 
gest two binding sites for BmK AS to explain the complex 
effects based on measurements on Na + current endoge- 
nous to ND7-23 cells and Nayl.2 in oocytes. Further sup- 
port for such a two-site model comes from Tsushima et al. 
( 1999) , who showed that (3-toxin TdVIII did not affect the 
activation of noninactivating Nayl.4 mutants but reduced 
the peak current much like in wild-type channels. 

Data presented here for Tzl , however, can be explained 
sufficiently by assuming a single-site model because (a) 
the two Tzl phenotypes of Nayl.4 have identical bind- 
ing constants (Fig. 3 A); (b) both Tzl phenotypes are 
bidirectionally conferred by mutating only a single resi- 
due (G658N in Nayl.4); and (c) the apparent Tzl af- 
finity of Nayl .4 is not decreased when the phenotype 
"activated by Tzl" is eliminated by mutation G658N, as 
one would predict if both phenotypes correspond to in- 
dependent binding sites. Moreover, as pointed out in 
Fig. 4, the activity of the toxin as such is largely deter- 
mined by the pore loop of domain 3. If that domain is 
incompatible, no typical (3-toxin effect is observed any- 
more, indicating that the affinity of the S3/S4 linker of 
domain 2 alone is not sufficient to support a firm chan- 
nel-toxin interaction. Thus, a likely scenario is that the 
toxin is stabilized at the channel surface by many physi- 
cal interactions (the one to the domain 3 pore loop ap- 
parently is an important one) , but, once in this position, 
it additionally interferes with the movement of the do- 
main 2 voltage sensor. 

This interference manifests itself as an apparent left- 
shift in the voltage dependence of activation for those 
channels being activated by Tzl and a substantial right- 
shift for channels being inhibited by Tzl (Eq. 1) . Com- 
patible with this conclusion, nonstationary noise analysis 
revealed that the single-channel conductance remained 
constant upon Tzl application, whereas the maximal 
open probabilities were affected depending on channel 
type and mode of toxin action (Figs. 5, S7, and S8). A 
similar result was obtained by Yatani et al. (1988), who 
showed that Tsl inhibited endogenous Na + currents in 
rat neonatal heart cells by reducing the open probability 
without changing the single-channel current amplitude. 

Although a left-shift in voltage dependence of channel 
activation at least qualitatively can be explained by lock- 
ing a voltage sensor in the activated position, the molecu- 
lar interpretation of "channel inhibition" is not readily 
apparent. Transition of toxin-occupied channels into 
closed-state inactivation as the primary cause of current 
reduction could be dismissed based on experiments using 
inactivation-deficient Na v channels. Upon inactivation 
removal of Na v 1.4-IFC and Na v 1.4-IFC-G658N with 
photo-activated LY (Fig. 6), channels retained their de- 
pendence on Tzl. Furthermore, use-dependent transi- 
tions between the modes of Tzl action could be directly 
observed for Nayl.4-IFC when unmasked from rapid 



inactivation (Fig. 6 E) but not for Na v l .4-IFC-G658N 
(Fig. 6 F). Therefore, peak current inhibition of Nayl.4 
by Tzl is a result of slowed activation combined with unal- 
tered fast inactivation, thus leading to a strongly reduced 
maximal open probability. This mechanism seems to be 
facilitated in Nayl.4— IFC-G658N because these channels 
activated much slower in the presence of Tzl compared 
with Nayl .4— IFC. Our results for noninactivating Nayl .4— 
IFC channels stay in marked contrast to an earlier report 
by Tsushima et al. (1999) in which mutagenesis-based re- 
moval of inactivation in Nayl.4 channels eliminated the 
left-shifting potency of (3-toxin TdVIII, albeit retaining 
channel inhibition. At present, we cannot provide an ob- 
vious explanation for this apparent difference other than 
that the molecular mechanism underlying TdVIII action 
may differ from those of other (3 toxins. 

Our data are best described by a model in which Tzl 
binds to Nayl.4 channels independent of the channel's 
conformational state. In the presence of Tzl, the en- 
ergy barrier separating deactivated and activated states 
for the domain 2 voltage sensor is increased, thus slow- 
ing down sensor movements in both directions. Starting 
from the deactivated state after long hyperpolarization 
episodes, Tzl-occupied channels activate more slowly 
and, hence, only a few channels manage to activate be- 
fore entering the inactivated state. Once in an activated 
state, the sensor deactivates very slowly, such that in sub- 
sequent depolarizing pulses the sensor is already activated, 
thus leading to higher open probabilities. 

Individual neutralization of the charged residues in do- 
main 2 S4 revealed that all charges affect Tzl-dependent 
gating transitions, but the most noticeable effects were ob- 
served for the three outermost gating charges. In the pres- 
ence of Tzl, R663C displayed slower activation and faster 
deactivation gating compared with wild-type channels, 
highlighting a dominant role of this charge in voltage- 
sensor activation. Qualitatively, the opposite effect was ob- 
served for R669C in the center of the sensor, indicating its 
involvement in sensor deactivation. R666C in the second 
outermost position eliminated the use independence of 
Tzl effects as if it would strongly increase the energy bar- 
rier between both states of the voltage sensor. A similar 
role of the second outermost arginine for the action of 
CssIV was also demonstrated for Nayl.2 channels (Cestele 
etal., 2001). 

Despite the compelling evidence that the domain 2 
voltage sensor plays a crucial role in (3-toxin action, it is 
quite evident that an immobilization of that sensor alone 
will not result in marked left-shifts in voltage dependence 
of activation. This was nicely demonstrated by Campos 
et al. (2007), who showed with voltage-clamp fluorometry 
in the presence of Tsl that this (3 toxin impairs the move- 
ment of all sensors. Only by means of the strong coupling 
among the voltage sensors in domains 1-3 is a concerted 
(3 toxin-induced augmentation of channel opening at 
resting voltages conceivable. Interestingly, even in very 
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simple activation models of Nay channels, such as the 
classical Hodgkin-Huxley formalism (Eq. 1), locking of 
a single voltage sensor in the "off position should have 
a profound effect on channel activation and should 
effectively right-shift the voltage dependence of channel 
opening. Thus, using fluorimetric methods and Tzl ap- 
plied to Nayl.5 channels might be suited to test for a 
potential cooperativity of voltage-sensor movements in 
the deactivating direction. 

Nay channel inhibition via a gating modification mech- 
anism is not unique to scorpion (3 toxins, as demon- 
strated for the ceratoxins CcoTxl, CcoTx2, and CcoTx3 
( Ceratogyrus cornuatus) and PaurTx3 (Phrixotrichus auratus) 
(Bosmans et al., 2006) . These tarantula peptides inhibit 
Nay channels by shifting their voltage dependence of 
activation to more positive voltages, suggesting a voltage- 
sensor mechanism of toxin action. Moreover, channel 
inhibition by an interaction with the voltage sensors in 
domain 2 was demonstrated for tarantula toxin ProTox II 
from Thrixopelma pruriens (Sokolov et al., 2008) and for 
the structurally unrelated uO conotoxin MrVIA ( Conus 
marmoreus; Leipold et al., 2007). Both peptides "block" 
Nay channels by stabilizing the resting state of the chan- 
nels' voltage sensors in domain 2, albeit without the bi- 
modal function of scorpion (3 toxins. 

Excitatory and depressant modes of Tz1 

Several studies described the physiological impact of 
(3 toxins in mammals and insects and highlighted their 
excitatory and/ or depressant activity (e.g., Gordon et al., 
1992, 2003; Cohen et al., 2007; Karbat et al., 2010) . Excit- 
atory (3 toxins lead to a fast contraction paralysis, whereas 
depressant (3 toxins cause a progressive flaccid paralysis. 
The molecular details of such different physiological 
consequences are not unambiguously known. The data 
presented here for Tzl suggest that the physiological 
correlates to "excitatory" and "depressant" are most likely 
a combination of channel subtype specificity and, more 
importantly, the mode of toxin action strongly determined 
by electrical activity of the afflicted neuronal cell. Particu- 
larly stimulated by recent results assigning antinocicep- 
tic potencies to scorpion toxins (e.g., Liu etal., 2008), the 
exploration of the pharmacological potential of scorpion 
(3 toxins or peptides with a similar activity profile will be 
important. Besides identifying the molecular determi- 
nants for the toxins' channel specificity, it will be a chal- 
lenge to rationally control (3-toxin modes as to deliberately 
elicit physiologically excitatory or inhibitory responses. 
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